Introduction {#S1}
============

Small GTPases are signaling proteins that cycle between active GTP-bound and an inactive GDP-bound form in normal cells modulated by diverse upstream signals. Rac1 is a member of the Ras superfamily and Rho subfamily of GTPases, and its GTP-bound form activates multiple pathways downstream which can regulate cell motility, polarity, vesicular trafficking or proliferation ([@R1];[@R2]). GEFs or GTPase activating proteins (GAPs) facilitate the addition of GTP or its hydrolysis back to GDP respectively, thus aiding in activation or inactivation of small GTPases ([@R3];[@R4]). TIAM1, the GEF that activates Rac1 ([@R5]--[@R8]), is overexpressed in multiple malignant cancers and is associated with cell proliferation and increased metastasis ([@R9]--[@R11]). How TIAM1 activity is regulated is unclear but limited information suggests that phosphorylation and membrane localization are involved ([@R12];[@R13]). While cell type and substrate specificity appears to be important in TIAM1-dependent cell migration or cell adhesion, the upstream regulators directing these processes are poorly understood ([@R14]--[@R17]). Reports have also shown nuclear localization of TIAM1 and its role in transcriptional regulation ([@R18]).

Histone deacetylases (HDACs) are enzymes that remove the post-translationally added acetyl group on the ε-amino group of lysine residues of histones and non-histone proteins in both the nucleus and cytoplasm, thereby affecting multiple cellular processes ([@R19]). HDACs have been shown to be overexpressed in multiple types of cancers suggesting that perturbed acetylation status of proteins may contribute to tumorigenesis ([@R20];[@R21]). Mammalian sirtuins (SIRT1-7) are NAD^+^-dependent class III HDACs. The most well studied sirtuin family member, SIRT1, has been shown to alter cellular metabolism and responses to stress and thereby influence programs such as transcription, apoptosis, DNA damage repair and senescence ([@R22];[@R23]). SIRT1 is overexpressed in both cancer cell lines and human cancers, and mediates cell survival in several tumor types such as the breast, colon, prostate, liver and also some types of leukemia ([@R24]--[@R27]). The other sirtuin family member, SIRT2, also targets cytosolic and nuclear proteins for deacetylation thus affecting their function ([@R28];[@R29]). SIRT2 has been implicated in tumor suppression and the maintenance of genomic stability ([@R30]). However, recent studies have also shown tumor-promoting effects of SIRT2 where it was identified as a KRAS deacetylase (along with HDAC6) to positively regulate its activity or to stabilize Myc oncoprotein levels in cancer cells ([@R31];[@R32]). It was also reported to be overexpressed in hepatocellular carcinoma and to promote epithelial to mesenchymal transition of hepatocellular carcinoma cells ([@R33]).

SIRT1 and SIRT2 have also been reported to influence cell migration via regulation of cytoskeletal protein dynamics in collaboration with HDAC6 (a class II HDAC). While SIRT1 is known to deacetylate and stabilize cortactin ([@R34]), SIRT2 colocalizes with and deacetylates tubulin ([@R28]). Consistent with this observation, we reported decreased basal or induced migration of cancer cells upon inhibition of the deacetylase activity of SIRT1 and SIRT2 using a small molecule inhibitor, cambinol ([@R35];[@R36]). Additionally, a recent report shows the overexpression of SIRT1 in pancreatic tumors and demonstrates that knockdown of SIRT1 expression upregulates E-cadherin expression which influences cell migration ([@R37]). SIRT1 has also been demonstrated to positively regulate epithelial to mesenchymal transition and metastatic growth in prostate cancer ([@R38]), localize to the nucleus and cytosol in cancer cells ([@R39]), but the mechanistic basis remains unclear. Likewise, SIRT2 expression has been positively correlated with cortactin expression and tumor progression in prostate cancer ([@R40]).

The Wnt signaling pathway orchestrates complex processes such as early embryonic development, cell movement during gastrulation and cell polarity, and is pathway frequently activated during tumorigenesis. Dishevelled (DVL) proteins are versatile regulators of Wnt signaling. For example, DVL2 has been shown to recruit β-arrestin2 to mediate Wnt-stimulated endocytosis of Frizzled receptors ([@R41]). The non-canonical Wnt pathway regulates cell motility via Wnt/DVL-mediated activation of Rho proteins, and DVL has been implicated in this process ([@R42];[@R43]). We have shown previously that SIRT1 regulates DVL and β-catenin protein expression and thus regulates the expression of Wnt target genes in cancer cells ([@R35]).

Here, we report for the first time that SIRT1 and SIRT2 regulate Rac1 activation in cancer cells. Additionally, we report the identification of TIAM1 as an acetylated protein and demonstrate that SIRT1 and 2 regulate its acetylation, GEF activity and binding to DVL. We also demonstrate that multiple small molecule inhibitors of sirtuins significantly inhibit TIAM1 interaction with DVL1 but not with other DVL proteins. Together, these data elucidate a new signaling axis critical for cancer cell migration.

Results {#S2}
=======

Inhibition or knockdown of SIRT1/2 decreases active Rac1 levels in cancer cells {#S3}
-------------------------------------------------------------------------------

Rac1-GTPases regulate not only cell motility but also a number of genomic and cytoplasmic events ([@R2]). In recent years SIRT1 has been linked with enhancement of the migratory capability of cancer cells ([@R34];[@R37]). As part of a screen to identify key mediators of this property, we identified the Rac1-GTPase. To further investigate this unexpected link between the sirtuins and Rac1, we first performed active Rac1-GTPase pull down assays to assess the levels of Rac1-GTP utilizing the p21-binding domain of p21-activated kinase, PAK1. To inhibit sirtuin activity three commercially available SIRT1/2 or SIRT1 inhibitors, namely, SIRT1/2 inhibitors VII (abbreviated as VII from here on) and cambinol (Cam) ([@R36]) or SIRT1 inhibitor IV (IV), an S-35 analog of EX-527 ([@R44]) were utilized. First, MDA-MB-231 breast cancer cells treated with inhibitors VII or IV showed a decrease in Rac1-GTP levels ([Fig. 1A](#F1){ref-type="fig"}). While inhibitor IV showed a trend towards decreased levels, we observed a statistically significant decrease for VII compared to DMSO (vehicle control) treated cells. Similarly, when treated with cambinol, a significant decrease in Rac1-GTP levels was observed whereas inhibition of class I/II HDACs with trichostatin A (TSA) did not affect Rac1 activity ([Fig. 1B](#F1){ref-type="fig"}). The same lysates were probed for acetyl-tubulin to verify the activity of TSA which showed an increase in acetylated tubulin level as expected ([Fig. S1A](#SD1){ref-type="supplementary-material"}). To extend this analysis to another cell line, CFPAC-1 pancreatic cancer cells also showed a significant decrease in active Rac1 upon treatment with inhibitor VII ([Fig. 1C](#F1){ref-type="fig"}). To determine the specific contribution of SIRT1 or SIRT2, we stably knocked down SIRT1 in MDA-MB-231 and CFPAC-1 and SIRT2 in MDA-MB-231 cells. Consistent with pharmacologic inhibition, a decrease in Rac1-GTP levels was observed upon SIRT1 knockdown in two independent stable knockdown clones ([Fig. 1D](#F1){ref-type="fig"}). Active Rac1 levels also decreased in MDA-MB-231 cells harboring stable SIRT2 knockdown ([Fig. S1B](#SD1){ref-type="supplementary-material"}). We have previously shown that cambinol decreases migration of cancer cells both basally and under Wnt-stimulated conditions ([@R35]). Since SIRT1 inhibitor IV, (S-35) had not been previously applied in this context, we performed a transwell migration assay with the MDA-MB-231 cells treated with vehicle or IV and observed a significant decrease in migration of these cells across the transwell membrane ([Fig. 1E](#F1){ref-type="fig"}). A similar decrease in migration of 231 cells was observed upon SIRT1 knockdown ([Fig. S1C](#SD1){ref-type="supplementary-material"}). A few reports have shown the effect of inhibition of SIRT1 by small molecule inhibitor, sirtinol ([@R45]), or SIRT1 RNAi on Ras/ERK pathway ([@R46]). Here, we report for the first time that activation of Rac1-GTPase can be controlled in a SIRT1-dependent manner in cancer cells.

SIRT1 co-immunoprecipitates with TIAM1 in cancer cells {#S4}
------------------------------------------------------

Multiple GEFs that can activate Rac1-GTPase under the influence of a specific upstream signal or cell or tissue type are also overexpressed in cancer ([@R4];[@R8];[@R47]). As TIAM1 is generally considered a Rac-specific GEF, we first wanted to test whether SIRT1 was physically interacting with TIAM1. Upon immunoprecipitation of endogenous TIAM1 from MDA-MB-231 cells we observed a co-precipitation of SIRT1, indicating that SIRT1 was directly or indirectly bound to this Rac-GEF ([Fig. 2A](#F2){ref-type="fig"}, left panel). Similar results were observed upon reciprocal immunoprecipitation with a SIRT1 or SIRT2 antibody ([Figs. 2A](#F2){ref-type="fig"}, right panel and [S2A](#SD2){ref-type="supplementary-material"}). Extending this observation to CFPAC-1 and human embryonic kidney (HEK) 293 cells yielded a similar binding pattern between endogenous SIRT1 and TIAM1 ([Figs. 2B](#F2){ref-type="fig"} and [S2B](#SD2){ref-type="supplementary-material"}). To further verify the association between SIRT1 and TIAM1, we transiently transfected a full-length Myc-tagged TIAM1 or N-terminally truncated Myc-tagged C1199-TIAM1 (stable and more potently expressed form of TIAM1, ([@R6])) in HEK293 cells and were able to immunoprecipitate endogenous SIRT1 and pull down Myc-TIAM1 in both cases ([Fig. 2C](#F2){ref-type="fig"}). These data demonstrate that SIRT1-TIAM1 binding occurs basally in HEK293 and cancer cells and the constitutively active TIAM1 mutant lacking amino acids 1-392 of TIAM1 retains its ability to bind endogenous SIRT1.

TIAM1 is acetylated and SIRT1 and SIRT2 deacetylate TIAM1 in cancer cells {#S5}
-------------------------------------------------------------------------

The outcome of the co-immunoprecipitation assay suggested that SIRT1 or SIRT2 binding to TIAM1 could be a direct interaction. So, we hypothesized that TIAM1 is an acetylated protein that may be deacetylated by these sirtuins. To detect acetylation of TIAM1, we performed transient overexpression of two lysine acetyltransferases, p300/CBP-associated factor (PCAF) and general control non-repressible 5 (GCN5), in HEK293 cells. PCAF and GCN5 are structurally and functionally related members of the lysine acetyltransferase 2 (KAT2) family of acetyltransferases ([@R48]). An increase in acetylation of endogenous TIAM1 was observed upon overexpression of the acetyltransferases ([Fig. 3A](#F3){ref-type="fig"}). Co-transfection of Myc-tagged full-length TIAM1 with PCAF showed an increased acetyl-Myc-TIAM1 expression, compared to Myc-TIAM1-only transfected cells, in immunoprecipitates with either acetyl-lysine ([Fig. 3B](#F3){ref-type="fig"}) or Myc ([Fig. 3C](#F3){ref-type="fig"}) antibodies. In order to determine the specific lysine residues that are acetylated, Myc-TIAM1 (full-length or C1199 mutant) were overexpressed in HEK293 cells along with the acetyltransferase GCN5. Immunoprecipitation was performed for Myc and 1D SDS PAGE gel band corresponding to Myc-TIAM1 was excised for detection of acetylation by mass spectrometry using matrix-assisted laser desorption/ionization-time-of-flight/time-of-flight (MALDI-TOF/TOF). Of the 48 matching peptides from full-length protein and 46 from C1199-TIAM1, 10 peptides showed the presence of potentially acetylated lysines ([supplementary table 1](#SD7){ref-type="supplementary-material"}). Three of these peptides showed immonium ion peaks at mass/charge (m/z) ratio of \~126, when subjected to tandem mass spectrometry (MS/MS analysis), demonstrating the presence of acetylated lysines at amino acids 1068, 1226 and 1420 ([Fig. S3 A](#SD3){ref-type="supplementary-material"}; manually verified and detailed in [supplementary file 1](#SD1){ref-type="supplementary-material"}). However, only K1420 was detected with a high ion score ([Fig. 3 D](#F3){ref-type="fig"}; [supplementary file 1](#SD1){ref-type="supplementary-material"}).

To determine the effect of inhibition of sirtuin activity on endogenous TIAM1 acetylation MDA-MB-231 or CFPAC-1 cells were treated with the SIRT1 and/or SIRT2 described earlier in addition to EX-527, a SIRT1-specific inhibitor. MDA-MB-231 cells treated with EX-527, IV or VII showed a strong acetylation signal for TIAM1 upon immunoprecipitation of acetyl lysine followed by TIAM1-specific blotting ([Fig. 4A](#F4){ref-type="fig"}). A dose-dependent increase in TIAM1 acetylation was observed in inhibitor IV-treated CFPAC-1 cells ([Fig. 4B](#F4){ref-type="fig"}). HEK293 cells also showed a moderate increase in acetylation of TIAM1 upon treatment with VII, cambinol or nicotinamide (NAM), a broad sirtuin family inhibitor ([Fig. S3B](#SD3){ref-type="supplementary-material"}). To compare acute sirtuin inhibition pharmacologically with a sustained inhibition via SIRT1 or SIRT2 knockdown, we performed the acetyl-lysine immunoprecipitations using MDA-MB-231 cells stably expressing SIRT1 or 2 shRNA. To our surprise, SIRT1 knockdown did not result in an increase in TIAM1 acetylation while SIRT2 knockdown did so significantly ([Fig. 4C](#F4){ref-type="fig"}). This suggests that the magnitude of acetylation may depend on whether the sirtuins are inhibited acutely or chronically or that SIRT2 may play a dominant role in acetylation induction under conditions of chronic inhibition. Thus, we show for the first time that under basal conditions TIAM1 is predominantly in a deacetylated state while bound to SIRT1 or 2 but shows a significant increase in acetylation upon inhibition of sirtuin activity or expression *in vivo*. Only one report has demonstrated TIAM1 acetylation in a high-throughput MS/MS screen of HCT116 colon carcinoma cells (PhosphoSitePlus Database, Cell Signaling Technology, ([@R49])). This report involved immunoprecipitation of multiple acetylated proteins in HCT116 cells with an acetyl-lysine antibody followed by mass spectrometry. Here, we use a different approach for MS/MS analysis where we immunoprecipitate TIAM1 specifically using a Myc tag. We further identify at least two potential acetyltransferases and deacetylases associated with this modification and provide data linking TIAM1 acetylation with a physiological role.

Inhibition of sirtuin activity affects TIAM1 GEF activity but not its localization in the cells {#S6}
-----------------------------------------------------------------------------------------------

TIAM1 is well known to be localized in the cytosol and at cell membranes facilitating the recruitment and activation of Rac at the membrane, maintenance of adherens junctions and regulation of the polarity and random migration of cells ([@R12];[@R15];[@R50]). In cancer cells TIAM1 can be localized to the cell junctions ([@R51]), juxtanuclear compartments such as Golgi ([@R52]) or leading edges of migrating cells ([@R53]) thereby establishing front-rear polarity of cells. To determine the effect of sirtuin inhibition on TIAM1 localization, we treated MDA-MB-231 cells with vehicle, inhibitors VII, Cam or IV ([Fig. S4](#SD4){ref-type="supplementary-material"}) or utilized stable SIRT1 or SIRT2 knockdown cells ([Fig. 5 A](#F5){ref-type="fig"}). In agreement with Adams et al., we observed a TIAM1 localization to be juxtanuclear with a punctuate appearance ([Figs. 5A](#F5){ref-type="fig"} and [S4](#SD4){ref-type="supplementary-material"}). These cells lack cell-cell junctions and E-cadherin expression, however, regions of the cells with lamellipodial protrusions readily stained for TIAM1. While cells expressing non-targeting shRNA showed presence of TIAM1 on membrane ruffles ([Fig. 5A](#F5){ref-type="fig"}, arrowheads in top left image), this pattern was diminished or lost upon SIRT1 or 2 knockdown ([Fig. 5A](#F5){ref-type="fig"}, middle and right panels). Thus, sirtuin inhibition or knockdown did not alter the gross TIAM1 staining pattern in MDA-MB-231 cells but had a moderate effect on localization at the membrane ruffles, suggesting that acetylation may not alter subcellular localization extensively.

During the GDP to GTP exchange the GTPase exists in a nucleotide-free form which favors the binding of a GEF which facilitates the exchange process ([@R54]). Utilizing a nucleotide-free form of Rac1, Rac1 G15A, conjugated to agarose beads, we performed experiments to pull-down active TIAM1 which shows a high affinity towards the nucleotide-free form of Rac ([@R55]). In MDA-MB-231 cells treated with inhibitors VII, IV or cambinol, active TIAM1 pulled down with Rac1 G15A decreased ([Fig. 5B](#F5){ref-type="fig"}) as compared to vehicle control. This suggested that inhibition of sirtuin activity with the same doses and duration that induced TIAM1 acetylation and decreased Rac1 activation also decreased the GEF activity of TIAM1. These observations were confirmed with SIRT1 or -2 knockdowns. The decrease in GEF activity upon SIRT2 knockdown was greater than that observed upon knocking down SIRT1 expression ([Fig. 5C](#F5){ref-type="fig"}), raising the possibility that the enhancement of TIAM1 acetylation upon SIRT2 knockdown had a more pronounced effect on decreasing TIAM1 GEF activity.

TIAM1 co-immunoprecipitates with DVL proteins in cancer cells {#S7}
-------------------------------------------------------------

We have previously shown that SIRT1 positively regulates the Wnt signaling pathway in cancer cells by positively regulating Wnt signaling proteins such as DVL or β-catenin. Stimulation of the non-canonical Wnt pathway leads to the activation of small GTPases via the DVL proteins. Since SIRT1 stabilizes DVL protein levels, we hypothesized that SIRT1 may regulate Rac activation in a DVL-dependent manner. However, the changes in Rac activation, TIAM1 acetylation or GEF activity upon sirtuin inhibition were observed over a brief period of 30 minutes to one hour which preceded changes in DVL protein levels. In order to further elucidate the role of sirtuin activity during this brief period, we first performed an immunoprecipitation of TIAM1 in MDA-MB-231 and CFPAC-1 cells to determine whether it binds DVL in these cells. DVL was shown to facilitate Rho activation via Daam1 which recruited Rho-GEF ([@R43]) but the identification of a protein that could co-activate Rac1 downstream of DVL was lacking. We observed that endogenous TIAM1 successfully co-immunoprecipitates with all the three DVL family proteins in MDA-MB-231 and CFPAC-1 cancer cells ([Figs. 6 A and C](#F6){ref-type="fig"}). We also noted co-staining of Myc-TIAM1-C1199 with endogenous DVL1 on the membrane ruffles in MDA-MB-231 cells ([Figs. 6 B](#F6){ref-type="fig"} and [S5](#SD5){ref-type="supplementary-material"}). The morphology of TIAM1 overexpressing cells displaying extensive membrane ruffling was in corroboration with previously published reports ([Fig. 6 B](#F6){ref-type="fig"}, middle panel). Endogenous DVL1 was localized in and around the nucleus and showed diffused staining in the cytosol. It followed the staining pattern of Myc-C1199-TIAM1 and co-localizes with Myc in the two TIAM1 overexpressing cells in the view ([Fig. 6 B](#F6){ref-type="fig"}, arrowheads in left image showing DVL1 localization and merged image to the right; [Fig. S5](#SD5){ref-type="supplementary-material"}). Exogenous co-expression of both TIAM1 and DVL1 resulted largely in apoptotic cells where DVL1 was observed in large punctuate structures (data not shown). While we independently made these observations regarding TIAM1 and DVL binding in cancer cells, a study published by Cajánek et al. ([@R56]) found similar results in dopaminergic neuronal cells.

To define the role of sirtuin activity in TIAM1/DVL-mediated Rac activation, we treated 231 cells with inhibitors VII, cambinol or IV and immunoprecipitated DVL1, 2 or 3 from whole cell extracts. While all the three DVL proteins pulled down TIAM1 in DMSO control treated cells, only DVL1-TIAM1 complex was significantly dissociated upon sirtuin inhibition ([Fig. 7 A](#F7){ref-type="fig"}). DVL2-TIAM1 and DVL3-TIAM1 binding remained intact ([Figs. 7 B and C](#F7){ref-type="fig"}).

These findings lead us to believe that DVL1 plays a unique role in sirtuin-regulated Rac1 activation and is sensitive to the inhibition of deacetylase activity. We propose that SIRT2 and SIRT1 act on the TIAM1/DVL1/Rac axis in cancer cells resulting in stabilization of TIAM1-DVL1 complex and chronic pathway activation ([Fig. 7 D](#F7){ref-type="fig"}). Loss of deacetylase activity results in dissociation of TIAM1-DVL1 complex, increased TIAM1 acetylation, decreased GEF activity, and subsequent loss of Rac1 activation.

Discussion {#S8}
==========

In this study we describe for the first time an important link between the sirtuins 1 and 2, TIAM1 and DVL1. We have demonstrated that TIAM1 is acetylated and binds to SIRT1 and SIRT2 endogenously in immortalized and cancer cells under basal conditions. SIRT2 serves as a TIAM1 deacetylase and appears to maintain it in a chronically deacetylated form. SIRT1/2 inhibition, but not, class I/II HDAC inhibition also led to a significant reduction in active Rac, suggesting that specificity in the deacetylase regulates Rac activity. There is a significant decrease in active Rac levels upon SIRT1 or SIRT2 knockdown and a decrease in GEF activity of TIAM1 suggesting a role for acetylation/deacetylation of TIAM1 in regulating Rac activation. Gross TIAM1 localization was not affected with inhibition of deacetylase activity, but its binding with DVL1 was disrupted. Future mutagenesis analyses will further delineate the mechanistic basis for this. We also demonstrate the biological use of a novel SIRT1/2 inhibitor in cancer cells.

TIAM1 can activate Rac by phosphatidyl-inositol-3-kinase-dependent or independent mechanisms ([@R7];[@R15]). Here we describe a novel post-translational modification of TIAM1 which could regulate Rac activation in a manner not previously reported. Upregulation of SIRT1 and SIRT2 in malignant tumors could result in increased formation of the TIAM1-SIRT1/2-DVL1 complex. Increased deacetylation of TIAM1 could result in increased active Rac levels, which could augment the metastatic potential of neoplastic cells. The findings reported here suggest that alterations in HDAC/HAT activity could have important implications for TIAM1 function and Rac activation. Emerging reports on protein acetylation associated with critical cellular processes underline the potential of this post-translational modification to be targeted for therapeutic purposes.

While a decrease in active Rac levels and TIAM1 GEF activity were observed upon both SIRT1 and SIRT2 knockdown, increase in TIAM1 acetylation was observed only upon SIRT2 knockdown. A simple explanation is that SIRT2 could be the primary TIAM1 deacetylase positively regulating its activity, DVL complex formation and Rac activation. While both SIRT1 and SIRT2 bind to TIAM1 in vivo, it is possible they target distinct lysine residues resulting in varying degrees of deacetylation. Additionally, acute vs chronic inhibition each sirtuin may create different acetylation portraits. Under either scenario, this may differentially influence downstream effects such as GEF activity and Rac activation. Since interaction of DVL with Rac and TIAM1 can regulate Rac activity, the disruption of DVL1-TIAM1 interaction upon sirtuin inhibition has important implications. In cancer cells DVL1-TIAM1 mediated Rac activation could add an extra layer of activity which pushes the pathway into a "hyperactivated" state and hence increase metastatic potential of cancer cells. This could be a more prominent event in cancers overexpressing DVL1 protein. In our experiments inhibition of sirtuin activity did not abolish Rac activation or TIAM1 GEF activity completely. This could be an effect of a residual deacetylase activity from sirtuins and class I/II deacetylases. It could also be an effect of the persistent binding of DVL2 and DVL3 to TIAM1. Hence, SIRT1 and/or SIRT2 may be selectively acting on the DVL1/TIAM1/Rac axis short-term. Since knockdown or sirtuin inhibition leads to loss of all three DVL proteins to differing extents ([@R35]), and here we have seen that Rac activation is also affected upon shRNA mediated SIRT1 and SIRT2 knockdown, it remains to be determined how the DVL-TIAM1 binding states are affected upon chronic inhibition or knockdown.

Historically, the mechanism of action of histone deacetylase inhibitors has been associated with altering chromatin structure and gene expression patterns. There is increasing evidence for the presence of SIRT1 in the cytosol of cancer cells, which was originally reported to be an exclusively nuclear protein ([@R39]), while SIRT2 is already known to be a cytosolic protein ([@R57]). The presence of these and other deacetylases in cytosolic compartments positions them to mediate post-translational modifications on cytosolic proteins. While conventional GTPase-targeting therapy has been unsuccessful in the clinic ([@R58]), targeting GTPases that promote tumor properties via inhibition of such regulatory proteins like sirtuins could open new avenues for therapeutic development in cancers. Currently, FDA-approved class I/II HDAC inhibitors, such as vorinostat and romidepsin, are being used in clinic for treating multiple cancer types ([@R59];[@R60]). However, there are no sirtuin inhibitors approved for clinically applications so far. Our study and others have shown the significance of SIRT1 and SIRT2 in regulating events in cancer cells either independent of class I/II HDACs or in collaboration with them. This provides further rationale for developing sirtuin inhibitors that may show promise in clinical applications.

Materials and methods {#S9}
=====================

Cell culture {#S10}
------------

MDA-MB-231 breast cancer and CFPAC-1 pancreatic cancer cells purchased from ATCC were grown in DMEM (Genesee) or Iscove's Modified Dulbecco's Medium (ATCC) respectively, containing 10% FBS and penicillin/streptomycin. HEK293 cells obtained from ATCC were grown in EMEM containing 10% FBS and penicillin/streptomycin under normal culture conditions.

Antibodies and inhibitors {#S11}
-------------------------

See [supplementary information](#SD1){ref-type="supplementary-material"}.

RNAi and plasmids {#S12}
-----------------

Lentiviruses encoding non-targeting (SHC002V), human SIRT1-targeting shRNA (sh1-TRCN0000018979, sh2-TRCN0000018981, sh3-TRCN0000018983,) or human SIRT2-targeting shRNA (sh-TRCN0000010435) were purchased from Sigma. MDA-MB-231 or CFPAC-1 cells were infected with lentivirus in serum-free media containing polybrene (Sigma). A no-infection control was used for observing cell death during the selection process and the cells were stably maintained under puromycin (Sigma) selection. Plasmids were transiently transfected in HEK293 or MDA-MB-231 cells using Lipofectamine 2000 reagent from Invitrogen. pcDNA3-Myc-TIAM1 full-length and C1199 plasmids were a kind gift from Dr. Channing Der, University of North Carolina, School of Medicine, Chapel Hill, NC, USA. pCMVSport6-Flag-mPCAF and Flag-mGCN5 plasmids were a kind gift from Dr. Sharon Dent, University of Texas M D Anderson Cancer Center, Houston, TX, USA.

Active Rac1-GTPase pull-down assay {#S13}
----------------------------------

Active Rac1 pull-down assay was performed on treated CFPAC-1 or MDA-MB-231 cells or cells expressing stable NT, SIRT1 or SIRT2 shRNA using active Rac1-GTPase pull down assay kit (Thermo Scientific). Details in [supplementary information](#SD1){ref-type="supplementary-material"}.

Co-immunoprecipitations and Western blotting {#S14}
--------------------------------------------

CFPAC-1, MDA-MB-231 or HEK293 cells were used for immunoprecipitating endogenous SIRT1, SIRT2, TIAM1, DVL1/2/3 or Myc-TIAM1. Briefly, untreated or treated cells were washed in ice-cold PBS and lysed in Mammalian Protein Extraction Reagent (Thermo Scientific) in the presence of protease inhibitor cocktail (Calbiochem) and deacetylase inhibitors followed by immunoprecipitation of desired protein using the specific antibody along with species matched control IgG. Immunoprecipitation was followed by western blotting for protein of interest expected to be pulled down with the target. Details in [supplementary information](#SD1){ref-type="supplementary-material"}.

Acetyl-lysine IP {#S15}
----------------

CFPAC-1, MDA-MB-231 or HEK293 cells treated with DMSO or sirtuin inhibitors or transfected with indicated plasmids, washed and harvested in IP lysis buffer (25mM Tris-Cl pH 8.0, 150 mM NaCl, 1mM EDTA, 1% NP-40, 5% glycerol) containing protease and deacetylase inhibitors. Protein was quantified to load equal μgs per IP. Samples were incubated overnight with acetyl-lysine antibody. Antigen-antibody complex was incubated with Dynabeads protein A for 2.5 hours following which samples were washed in IP lysis buffer, eluted in 2x Laemmli sample buffer and used for blotting. Same protocol (except the treatment) was followed for IPs utilizing stable knockdown cell lines.

Mass spectrometry {#S16}
-----------------

HEK293 cells were co-transfected with Myc-TIAM1 (full-length or C1199) and GCN5, harvested in IP lysis buffer as mentioned above and the lysates incubated with anti-c-Myc affinity gel for 2 hours at 4°C with gentle rocking. Affinity gel was washed with lysis buffer and samples eluted in 2x Laemmli sample buffer. SDS-PAGE was followed by staining with GelCode Blue Stain Reagent (Thermo Scientific). See [Supplementary information](#SD1){ref-type="supplementary-material"}.

Transwell migration assay {#S17}
-------------------------

24-well transwell 8 micron inserts were purchased from BD. 50,000 MDA-MB-231 cells were plated in top chamber in serum-free DMEM containing 0.2% BSA and either DMSO or inhibitor IV, each condition in duplicate. Lower chamber had DMEM with 10% FBS. Cells were allowed to migrate for 14 hours. Same protocol (except for treatment) was followed for migration using stable shRNA expressing cells. Details in [supplementary information](#SD1){ref-type="supplementary-material"}.

Active Rac GEF assay for TIAM1 {#S18}
------------------------------

MDA-MB-231 cells were grown in complete medium which was changed to serum-free medium containing 0.2% BSA four hours prior to treatment with inhibitors or DMSO control. Cells were washed in ice cold PBS and harvested in lysis buffer (20mM HEPES pH 7.5, 150mM NaCl, 1% Triton-X100 and 5mM MgCl~2~) containing protease and deacetylase inhibitors and protein was isolated by centrifugation at 14,000 ×g for 15 minutes. Equal amount of protein per sample was used for incubation with Rac G15A-conjugated agarose beads (Cell Biolabs, Inc.) for 1 hour and 15 minutes at 4°C with gentle rotation. Beads were washed three times in the lysis buffer and protein eluted in Laemmli buffer was used for western blotting for TIAM1 along with whole cell lysates. Same protocol (except for treatment) was followed for GEF assay using stable shRNA expressing cells.

Immunofluorescence {#S19}
------------------

For TIAM1 staining in shRNA expressing 231 cells or Myc-TIAM1/DVL1 co-staining cells were grown (and transfected in case of Myc/DVL1 staining) in chamber slides (BD Falcon). Detailed protocol in [supplementary information](#SD1){ref-type="supplementary-material"}. Images were captured as z-stacks for all channels on Zeiss AxioObserver.Z1 with AxioCam MRm CCD camera. For comparison of TIAM1 in NT, SIRT1 or SIRT2 shRNA expressing cells, images were captured at same exposure. A 40x/1.3NA PlanApo oil immersion objective was used. The acquisition and image processing software for was AxioVision v4.8.2. DVL1/Myc-TIAM1 co-staining images were subject to 3D deconvolution using AxioVision v4.8.2. Brightness and contrast were adjusted in Adobe Photoshop.

Quantification and statistical analysis {#S20}
---------------------------------------

Image J (NIH) was used for densitometric analysis of the western blots. One sample t-test for a hypothetical mean or two-tailed Student's t-test, whichever applicable, was performed for statistical analysis.

Supplementary Material {#S21}
======================
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![Pharmacological inhibition or knockdown of SIRT1 decreases active Rac1 levels in cancer cells\
**(A)** Decrease in active Rac1 (Rac1-GTP) levels upon inhibition of SIRT1 and SIRT2 deacetylase activity by inhibitor VII or IV compared to DMSO, vehicle control. MDA-MB-231 cells were treated with DMSO or 50 μM VII or 20 μM inhibitor IV for 1 h. Active Rac1-GTP pull down was performed on fresh lysates followed by western blotting for active and total Rac1 levels. Inhibitors VII and IV resulted in a 79% and 39% decrease in Rac-GTP levels compared to DMSO control. **(B)** Decrease in active Rac1 levels upon treatment of MDA-MB-231 cells with cambinol compared to DMSO control. Cells were treated with DMSO or 100 μM cambinol or 1 μM TSA for 1 h. Treatment with TSA showed no change whereas cambinol decreased active Rac levels by 60%. **(C)** CFPAC-1 cells were treated with DMSO or 50 μM inhibitor VII for 1 h. Inhibitor VII led to a 64% decrease in active Rac1 levels compared to DMSO control. **(D)** Decrease in active Rac1 levels in MDA-MB-231 and CFPAC-1 cells upon stable SIRT1 knockdown. 231 or CFPAC-1 cells were infected with lentivirus carrying non-targeting shRNA (NT) or SIRT1-targeting shRNA and maintained stably under puromycin selection. **(E)** SIRT1 inhibitor IV, (S-35) decreases migration of MDA-MB-231 cells in a transwell migration assay. 231 cells were plated in the top chamber at 50,000 cells per transwell insert in duplicate in serum-free DMEM medium containing either DMSO or 20 μM inhibitor IV. Migration towards 10% serum containing medium in the lower chamber occurred for 14 hours. NIH ImageJ was used for densitometric and cell migration analyses. Rac activation is the normalized ratio of Rac-GTP to total Rac and is represented in arbitrary units on the y-axis. Relative cell migration is the mean of normalized migrated cell counts for DMSO or inhibitor IV treatments. Values are mean ± SEM, *n* = 3.](nihms550285f1){#F1}

![SIRT1 co-immunoprecipitates with the Rac-GEF, TIAM1\
**(A)** SIRT1 and TIAM1 co-immunoprecipitate in MDA-MB-231 Untreated MDA-MB-231 cells were used to extract whole cell lysate for immunoprecipitation of endogenous TIAM1 (left panel) or SIRT1 (right panel) with specific antibodies. Western blotting was performed for SIRT1 and TIAM1 respectively from immunoprecipitated samples along with whole cell lysates (WCL). Species-matched IgG was used as a negative control. The membranes were stripped and re-probed for input TIAM1 or SIRT1. IgG heavy chain (IgG~HC~) was blotted for as a control for equal antibody addition to samples. **(B)** SIRT1 and TIAM1 were immunoprecipitated from CFPAC-1 cells as in **(A)** followed by western blotting for TIAM1 and SIRT1 respectively. **(C)** Exogenously expressed Myc-tagged TIAM1 (transiently transfected for 24 h) co-immunoprecipitates with SIRT1 in HEK293 cells. EV (Empty vector, pcDNA3); TIAM1-FL (Myc-tagged full-length TIAM1); TIAM1-C1199 (Myc-tagged truncated TIAM1-C1199).](nihms550285f2){#F2}

![TIAM1 is an acetylated protein\
**(A)** PACF and GCN5 increase acetylation of endogenous TIAM1. HEK293 cells overexpressing Flag-tagged PCAF or GCN5 show enhanced acetyl-TIAM1. Cells were transiently transfected with indicated plasmids for 24 hours followed by immunoprecipitation with acetyl-lysine antibody. Blot with anti-Flag M2 antibody shows the presence of Flag-tagged plasmid expression in transfected lanes. IgG heavy chain (IgG~HC~) was blotted for as a control for equal antibody loading. **(B)** Overexpression of PCAF increases acetyl-Myc-TIAM1 levels. HEK293 cells were transiently transfected with either empty vector or full-length Myc-TIAM1 or co-transfected with full-length Myc-TIAM1 and Flag-PCAF for 24 hours. Immunoprecipitation with acetyl-lysine antibody was performed as in (A) followed by western blot for Myc or Flag. **(C)** HEK293 cells were transfected with empty vector or Myc-TIAM1-full-length with or without co-transfection with PCAF. Immunoprecipitation was performed with a Myc-specific antibody and blotted for acetyl-lysine or Flag. Acetyl-lysine blot was stripped and re-probed for Myc demonstrating equal immunoprecipitation in Myc-TIAM1-only or Myc-TIAM1+PCAF lanes. **(D)** Schematic showing the acetylated peptide with an ion score of 16 and a percent confidence interval of 99 for peptide sequence ID from MS/MS data analysis of Myc-TIAM1 full-length. Acetylated lysine is marked with "\*". Approximate representation of the acetylated lysine on the TIAM1 domain map is shown. N, N-terminal; P, PEST sequence; PH-CC-Ex, Pleckstrin-homology, coiled-coil and extra; RBD, Ras-binding domain; PDZ, PSD-95/Dlg A/ZO-1; DH, Dbl-homology; PH, Pleckstrin-homology; C, C-terminal](nihms550285f3){#F3}

![Inhibition or knockdown of sirtuins increase TIAM1 acetylation in vivo\
**(A)** Acetylation of TIAM1 is enhanced upon inhibition of SIRT1/2 activity compared to DMSO control in MDA-MB-231 cells. Cells were treated with DMSO or 50 μM inhibitor VII or 10 μM EX-527 or inhibitor IV, (S-35) for 45 minutes. Equal μgs of protein was loaded for each immunoprecipitation set up using acetyl-lysine (Ac-K) antibody as per protocol. IP and whole cells lysate samples were blotted for TIAM1. Species-matched IgG was used as a negative control. IgG heavy chain (IgG~HC~) was blotted for as a control for equal antibody loading for immunoprecipitation. **(B)** CFPAC-1 cells were treated with 10 or 20 μM inhibitor IV for 45 minutes and immunoprecipitation was performed as in **(A).** Acetylation of TIAM1 was detected by western blotting. **(C)** SIRT2 knockdown increases TIAM1 acetylation by \~68% compared to NT shRNA samples. MDA-MB-231 cells stably expressing non-targeting (NT) or SIRT1 or SIRT2 shRNA were used for immunoprecipitation of Ac-K and blotted for TIAM1 as in **(A)**. Percent TIAM1 immunoprecipitated with Ac-K antibody was calculated by dividing densitometric signal values for immunoprecipitated samples by the vales obtained from whole cell extracts. NIH ImageJ was used for densitometry. Values are mean ± SEM, n=3.](nihms550285f4){#F4}

![Inhibition or knockdown of sirtuins alter TIAM1 GEF activity\
**(A)** MDA-MB-231 stably expressing NT, SIRT1 or SIRT2 shRNA cells show endogenous TIAM1 localization in representative images. Arrowheads in the top left box point at TIAM1 staining on the membrane ruffles in NTshRNA expressing cells; not observed in SIRT2 and moderately observed in SIRT1 knockdown cells. Upper panel represents green channel only. Lower panel shows merged images for TIAM1 and nuclear (DAPI) staining. Scale bar, 20 μm. **(B)** TIAM1 binding to nucleotide-free Rac1 G15A decreases upon sirtuin inhibition. MDA-231 cells were treated with DMSO control or inhibitors VII (50 μM), cambinol (100 μM) or IV (20 μM) for 45 minutes. %TIAM1 bound to Rac1 G15A was calculated as a ratio of G15A-bound TIAM1 to TIAM1 in whole cell extracts. Inhibitors VII, Cam and IV show 41, 60 and 52% decrease compared to DMSO respectively. NIH ImageJ was used for densitometry. Values are mean ± SEM, *n* = 3. **(C)** Stable SIRT1 and SIRT2 knockdown decrease TIAM1 GEF activity compared to non-targeting control. MDA-MB-231 cell stably expressing NT, SIRT1 or SIRT2 shRNA were used in TIAM1 GEF activity assay with Rac1 G15A as in **(B)**.](nihms550285f5){#F5}

![DVL 1, 2 and 3 bind to TIAM1 in cancer cells\
**(A)** TIAM1 co-immunoprecipitates with DVL1, 2 or 3 in MDA-MB-231 cells. The membranes were stripped and re-probed to blot for TIAM1 input. Species-matched IgG was used as a negative control. IgG heavy chain (IgG~HC~) was blotted for as a control for equal antibody loading for immunoprecipitation. **(B)** DVL1 and TIAM1 co-localize in MDA-MB-231 cells expressing My-tagged TIAM1. Cells were transfected with Myc-TIAM1-C1199 for 24 h and processed for immunostaining for endogenous DVL1 (left image) or Myc tag (two cells showing successful transfection in the middle image). Right box shows merged channels for DVL1 (green), Myc-TIAM1 (red) and DAPI (blue) in the representative image. Co-staining can be observed in the x-y focal plane and orthogonal view of the displayed section of a z-stack. Cut-lines are hidden from view. Arrowheads in left and middle images show DVL1 and Myc-TIAM1 localization respectively on the membrane ruffles in Myc-TIAM1 expressing cells. Scale bar, 10 μm. **(C)** TIAM1 co-immunoprecipitates with DVL1, 2 or 3 in CFPAC-1 cells. Immunoprecipitation for endogenous TIAM1 was followed by blotting with DVL1, 2 or 3 specific antibodies as in **(A)**.](nihms550285f6){#F6}

![Inhibition of sirtuin activity disrupts DVL1-TIAM1 but not DVL2/3-TIAM1 binding in MDA-MB-231 cells\
**(A--C) C**ells were treated with inhibitors VII (50 μM), Cam (100 μM), IV (20 μM) or DMSO control for 45 minutes followed by immunoprecipitation with DVL1, 2 or 3-specific antibodies. Percent TIAM1 bound to DVL was calculated first by taking a ratio of immunoprecipitated TIAM1 or DVL to its own whole cell extract followed by calculating percent TIAM1/DVL. DVL1 showed a loss binding with TIAM1 with all three inhibitors at 58, 69 and 60% each compared to control. Treatment with inhibitor VII showed near-significance with p-value = 0.0535. DVL2 and DVL3 binding with TIAM1 are not affected significantly with inhibitor treatments. NIH ImageJ was used for densitometry and each treatment was compared to DMSO for statistical analysis. Values are mean ± SEM, *n* = 3. **(D)** Proposed model for reversible TIAM1 acetylation/deacetylation, the role of SIRT2 and SIRT1 in the process and resulting DVL/TIAM1/Rac1 pathway activation.](nihms550285f7){#F7}
